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Abstract 
This simulation study evaluates ways for maximizing incremental oil recovery (IOR) and CO2 storage capacity for a 
current simultaneous enhanced oil recovery (EOR) and CO2 storage project at the Zama oil field F Pool situated in 
northwestern Alberta, Canada. The results clearly indicate the viability of formation water extraction for increasing 
storage capacity in a closed geological structure. An approximately fivefold increase in CO2 storage capacity was 
observed, if current EOR is coupled with bottom water extraction. IOR of 22.1% in the next 20 years can be 
achieved, which is 5% more than continuing current EOR without bottom water extraction.  
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The Zama F Pool is one of the several depleted oil reservoirs in the Zama subbasin situated in 
northwestern Alberta, Canada. The Plains CO2 Reduction (PCOR) Partnership led by the Energy & 
Environmental Research Center (EERC) at the University of North Dakota (UND) is working with 
Apache Canada Ltd (Apache) to validate the amount of CO2 stored during the ongoing enhanced oil 
recovery (EOR) operation at the F Pool. The PCOR partnership is one of seven regional partnerships 
under the U.S. Department of Energy (DOE) National Energy Technology Laboratory’s (NETL’s) 
Regional Carbon Sequestration Partnership (RCSP). Since December 2006, Apache has been injecting 
acid gas (70% CO2 + 30% H2S), which is a by-product of a nearby gas-processing plant, into the F Pool 
for simultaneous purposes of EOR, CO2 storage, and H2S disposal. Approximately 121,200 tonnes of acid 
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gas has been injected through May 2012. More than 11,765 m3 (74,000 barrels) of oil have been produced 
while storing approximately 36,600 tonnes of CO2 in the reservoir.  
  
In this study, detailed static geological and dynamic reservoir modeling was performed to evaluate 
future EOR potential and CO2 storage capacity validation and its long-term fate in this closed system. 
Predictive simulations were also run to explore the possibility of additional storage capacity gain by 
pressure management through water extraction from the water zone below oil–water contact (OWC). 
Commercial geological modeling software (Schlumberger’s PetrelTM) and a compositional simulator 
(CMG GEMTM by Computer Modelling Group Ltd.) were used to perform modeling work presented here. 
2. Geologic characteristics of Zama oil pools 
Formation pinnacle reefs of the Middle Devonian Keg River are the main oil-producing reservoirs in 
the Zama oil field. These pinnacle reefs are encountered at an average depth of 1500 m (4900 ft). Zama 
pinnacle reefs are typically 16 hectares (40 acres) at their base and 120 m (400 ft) tall. A large variation in 
both porosity and permeability is observed for these variably dolomitized carbonate pinnacles with a 
decrease to the tops of the reef. The principal rock types include wackstone, packstone, floatstone, and 
rudstone and, with varying degrees of alteration due to secondary leaching and dolomitization, porosity 
type varies from intercrystalline to microfracture [1]. A thick and very tight anhydrite of the Muskeg 
Formation surrounds and overlays these oil productive reefs and acts as a cap rock. The Zama member 
sits above the Keg River Formation and is the lowermost part of the Muskeg Formation [2]. The Muskeg 
Formation provides an excellent seal for injected acid gas at the F Pool. In the case of the F Pool,  
log-derived effective porosity ranges from 0.03% to 17%. The log-derived permeability varies from a 
very low value (0.001 mD) to significantly large values, often exceeding 1000 mD.  
3. Static geological modeling 
A thorough understanding of the complex geologic and facies relationships that are typically 
associated with the development of pinnacle reefs like F Pool is necessary to properly monitor and predict 
fluid movement in the reservoir. The available vintage well logs and a borehole image log that was 
acquired in the latest production well drilled in 2008 were used to identify different facies along the well 
bores. The F Pool seismic attribute data were provided by Apache and were used to identify the reef 
versus nonreef facies. Instead of the commonly used variogram approach, an innovative workflow based 
on the combination of multiple-point statistics (MPS) and object modeling [3] was developed for spatial 
distribution of different facies and associated reservoir properties (e.g., porosity, horizontal and vertical 
permeabilities). Available core analysis data for the Zama subbasin were employed to gain more insight 
regarding the lithofacies, porosity, bulk density, and permeability distribution in the F Pool.  
 
Two different versions (Version 1 and Version 2) of a static geological model were built. First, a 
preliminary static geological model (Version 1) was constructed to assess and quantify the uncertainties 
associated with existing data. An initial history match was performed with one of the selected realizations 
of the Version 1 static geological model.  
 
In view of the availability of new data and insights gained during initial history matching with the 
Version 1 model, the static model was further conditioned in order to construct the Version 2 model. 
Detailed multimineral petrophysics was performed to aid the designation of lithofacies and depofacies in 
the model. Rock–fluid inversion was employed for populating initial water saturation and end point 
 D. Saini et al. /  Energy Procedia  37 ( 2013 )  3891 – 3900 3893
saturation values for oil, gas, and water phases in the static model. The water zone below OWC was also 
incorporated in the static geological model. This was done to model internal heterogeneity present in the 
water-bearing portion of the structure and to explore the possibility of additional storage capacity gain in 
this zone. It was also done to model weak aquifer support with no leakage from the structure, a condition 
that was suggested by production and pressure history. 
4. F Pool reservoir characteristics and development history  
The F Pool was discovered in 1967 and 1.71e5 m3 (1.1 MMstb) of oil, which is 28% of original oil in 
place (OOIP) (material balance calculation) was produced during a 20-year production period  
(1967–1987) with only one well (discovery well). The F Pool oil is of API (American Petroleum 
Institute) 35.2° gravity. The initial reservoir pressure and temperature were 14,445 kPa (2095 psi) and 
71.1°C (160°F), respectively. The initial gas–oil ratio was 52 m3/m3 (282 scf/bbl) and saturation pressure 
was 8791 kPa (1275 psi). The reservoir initially produced under depletion drive and the pressure and 
production behaviors were indicative of poor aquifer support at the later production stage.  
 
Oil production was shut down in 1986, and a single production well was completed as a saltwater 
disposal well in 1987. Water disposal was suspended in 1991, and approximately 287,500 m3  
(1.8 MMstb) water was injected during this period. This water injection resulted in a significant  
(1.67 times) increase in reservoir pressure with no evidence of leakage from the structure. It clearly 
indicates that the F Pool is a closed system and the formation and cap rocks were able to withstand this 
pressure increase. In 2002, a new production well was drilled and encountered oil at the top and center of 
the F Pool structure. However, little oil was produced through this well, and it was recompleted in 2004 
as the acid gas injection well. Acid gas injection was commenced in December 2006. Two new 
production wells were drilled in 2004 and 2008, respectively.  
5. PVT model  
In efforts to reliably predict the phase behavior of different fluids, an eleven-component  
Peng-Robinson experiment operating specification (EOS) model was built and tuned based on measured 
pressure, volume, temperature (PVT) data. The phase property program namely CMG’s WINPROPTM 
was used for PVT modeling. A tuned EOS model was further validated by predicting minimum 
miscibility pressures (MMPs) for pure CO2 and acid gas (80% CO2 + 20% H2S) mixture. The simulated 
MMPs were found to be 4.1% higher and 5.5% lower than the measured values for pure CO2 and the 
tested acid gas mixture, respectively.  
6. Dynamic model description 
6.1. The Version 1 model 
The Version 1 static model consists of an oil zone (Zama and Keg River Formations) at the top portion 
of the reef and lower Keg River aquifer (below OWC). This static geological model had 616,512  
(104 × 104 × 57) cells. The cells were of size 15.2 m × 15.2 m (50 ft × 50 ft) in the I and J directions with 
varying thickness (the K direction) ranging from 0.91 m (3 ft) for the zone above OWC to 5.8 m (19 ft) 
for the zone below OWC. One of the equiprobable realizations of the constructed static geological model 
was then exported to CMG GEM for performing dynamic simulations to evaluate the viability of 
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formation water extraction through acid gas injection (no oil production) in general and at Rg/w (ratio of 
acid gas injected to extracted water at reservoir conditions) near to 1:1 in particular. 
 
To speed up the dynamic simulations, the surrounding cap rock (Muskeg Formation) included in the 
static geological model was assigned as inactive (null) blocks in the dynamic model. In view of the 
significantly high formation water salinity (~180,000 ppm), solubility of acid gas in the aqueous phase 
was neglected. To further simplify the dynamic modeling efforts, no capillary pressure effects were 
considered in the Version 1 dynamic model, and a constant initial water saturation of 15% for an oil zone 
and 45% for a modeled transition zone (15 ft) between the oil zone and OWC were used. The availability 
of detailed production histories allowed for a preliminary history match for cumulative oil, gas, and water 
production and reservoir pressure.  
 
In addition to the modeled water zone below OWC, a small numerical aquifer with no leakage option 
was added at the bottom of the structure for improving simulated pressure response. In view of the 
nonavailability of experimental relative permeability curves (oil–water and gas–oil) for the F Pool, 
available experimental relative permeability curves from another oil pool were used for good reservoir 
and tight reservoir rocks in the dynamic model. The experimental relative permeability curves were 
adjusted during the history match, and no relative permeability hysteresis was considered. The exercise of 
attaining a reasonable history match for cumulative production and injection volumes through August 
2009 was done to have a representative distribution of reservoir fluids and material balance prior to brine 
extraction/pressure relief modeling. 
6.2. The Version 2 model 
Based on the initial history-matching efforts with the Version 1 static model, the initially constructed 
static model was further conditioned, and a new static model (Version 2) was constructed. This version 
consists of 349,920 (104 × 104 × 30) cells. The cells were sized 15.2 m × 15.2 m (50 ft × 50 ft) in the I 
and J directions with varying thickness (the K direction), ranging from 3.05 m (10 ft) to 4.57 m (15 ft) for 
the zone above OWC and 15.24 m (50 ft) below OWC. The Version 2 model has a heterogeneous 
distribution of initial water saturation and end point saturation values for oil, gas, and water phases. One 
of the equiprobable static realizations (P10 OOIP) was chosen for performing detailed history matching 
and predictive simulations. In the case of the Version 2 dynamic model, the trace component (methane 
with a mole fraction of 0.0001) option was included in the EOS model developed for simulating an acid 
gas–water system (i.e., water zone below OWC). The solubility of CO2 and H2S components in the 
aqueous phase was modeled using one of the available options (Henry’s law constants by Harvey’s 
method). The available correlations, namely Rowe–Chou and Kestin, were used for modeling aqueous 
phase density and viscosity, respectively. This time, hysteresis effects for both relative permeability  
(gas–oil) and capillary pressures (oil–water and gas–oil) were also considered.  
7. Results and discussion 
7.1. Formation water extraction assisted by acid gas injection (no oil production), Version 1 model 
This modeling used Version 1 static and dynamic models. Six different cases (Cases 2–7) of 
simultaneous acid gas injection and formation water extraction, along with a base case of gas injection 
only (Case 1), were tested in predictive simulation runs. These cases include acid gas injection through an 
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injector well (Gas Inj-1) placed in a selected high-permeability zone of the oil zone situated in the top 
portion of the structure.  
 
In all of the cases, a maximum injection pressure constraint of 22,753 kPa (3300 psi) was used, which 
is less than the maximum permissible bottomhole injection pressure of 23,400 kPa (3400 psi). In the base 
case (Case 1), acid gas at the injection rate of 0.113 MMt/year (million metric tonnes a year) was injected 
without the extraction of formation water. In Cases 2 and 3, a water extraction well was placed in the 
bottom portion (the water zone below OWC) of the reef structure. The gas injection rate similar to that of 
the base case was used. The water extraction was stopped as soon as gas breakthrough was observed at a 
water extraction well. However, acid gas injection was continued until the reservoir pressure reached the 
set maximum pressure limit of 22,753 kPa (3300 psi). For Cases 2 and 3, Rg/w was found to be near 
1.30:1. Compared to a storage capacity of 0.05 MMt in the base case, storage capacity was increased to 
0.47 MMt and 0.62 MMt in Cases 2 and 3, respectively. To optimize the gas injection and water 
extraction ratio, two different extraction well production rates (standard conditions of 15.5°C [60°F] and 
101.25 kPa [14.7 psi]) of 429 m3/day and 397 m3/day were tested (Cases 4 and 5). The Rg/w was 
decreased to 1.16:1 (Case 4) and 1.11:1 (Case 5) compared to the observed value of 1.28:1 in Case 3. For 
these cases, an increase in excess of 1300% was observed in the storage capacity compared to the base 
case. The gas breakthrough times varied from 4.5 years (Case 3) to 6.5 years (Case 5).  
 
A blowdown scenario (i.e., an increase in both gas injection and water extraction rates) was also 
evaluated (Cases 6 and 7). For this, both acid gas and water extraction rates were doubled compared to 
Cases 2–5. This resulted in a tenfold increase in storage capacity compared to Case 1. For these cases, 
Rg/w values were 1.18:1 (Case 6) and 1.22:1 (Case 7). Because of reservoir heterogeneity and higher 
injection/extraction rates, early gas breakthrough (~1.8 years) was observed at one of the extraction wells. 
Detailed results for all of the simulation scenarios (Cases 1–7) can be found elsewhere [4, 5]. 
 
An achievement of near 1:1 Rg/w in these cases suggests that gas injection can potentially be used to 
extract formation water while achieving a significant increase in storage capacity. Overall, controlled 
extraction of formation water assisted by acid gas injection using a suitably located injection and 
extraction well pair results in maximum storage capacity at Zama F Pool.  
7.2. Future EOR and storage capacity potential 
For evaluating the future EOR potential of the F Pool, the second iteration of the static geological 
model, i.e., the Version 2 model, was used. A detailed history matching was performed to match 
cumulative production (oil, gas, and water) and gas injection volumes and reservoir pressure response 
through May 2012. The individual well performance was also history matched. The results are shown in 
Figure 1.  
 
A good match for oil, gas, and water production volumes and injected acid gas volumes was achieved. 
For a satisfactory pressure response match, only 49% of total injected water had to enter into the 
reservoir. In addition to the modeled reef structure below the OWC, a numerical aquifer (thickness =  
0.4 m [1.3 ft], porosity = 10%, permeability = 15 mD, and radius = 823 m [2700 ft]) with no leakage 
option was added at the bottom of the structure for improving simulated water production and pressure 
response. Oil–water and gas–oil relative permeability curves for both high- and low-permeability rocks 
were adjusted for satisfactory results. Other adjusted parameters include vertical permeability, well 
productivity indices, and volume modifier for reef structure below OWC. 
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Fig. 1. (a) History-matching results for cumulative oil, gas, and water productions; (b) simulated and measured well 
bottomhole pressures (BHPs) 
The history-matched (through May 2012) model was then used to run predictive simulations to 
evaluate future EOR and storage capacity potential in two scenarios of continuing the current EOR 
configuration for the next 20 years with and without bottom water extraction. The results are summarized 
in Table 1. 
7.2.1. Continuing current EOR configuration  
In this scenario, the current EOR configuration, i.e., acid gas injection through one injector and oil 
production through two existing producers, was continued for the next 20 years. Based on historical gas 
injection data, a maximum acid gas injection rate of 1.06e5 m3/day (3.75 MMscf/day) with recycling  
of all of the produced gas was used. In the case of production wells, two different minimum BHP 
constraints of 2068 kPa (300 psi) and 14,478 kPa (2100 psi) were tested. As can be seen in Table 1, 
incremental oil recovery varied from 12.6% to 16.2%. In this scenario, a maximum of 0.30 MMt of CO2 
can be stored. Figure 2 shows plots of field oil recovery and the amounts of cumulative CO2 (injected and 
produced). A significant amount of water was also produced (Table 1) with oil production. 
7.2.2. Current EOR configuration with bottom water extraction well  
In this scenario, current EOR configuration, i.e., acid gas injection through one injector and oil 
production through two existing producer wells with a water extraction well, was continued for the next 
20 years. The water extraction well was perforated at the bottom of the structure to manage reservoir 
pressure through water extraction from the water zone below OWC. It was located away from the current 
producers and gas injector. An acid gas injection rate similar to previous scenarios was used. This time, 
minimum BHP constraints of 2068 kPa (300 psi) at the production wells and 14,478 kPa (2100 psi) at the 
water extraction well were used. Another well constraint was to shut down the producer wells if oil 
production went down below 4.75 m3/day (30 bbl/day). This scheme shows a 5% increase in incremental 
oil recovery (16.2% to 22.1%) compared to the case with no bottom water extraction well. This also 
results in an additional storage capacity gain of 1.01 MMt, which is 4.8 times more compared to the case 
with no water extraction well. Plots of field oil recovery and amounts of cumulative CO2 (injected and 
produced) are shown in Figure 3. These gains in oil recovery and CO2 storage capacity may be attributed 
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to two conditions. Better sweep may be attained by further movement of injected gas into unswept 
regions of the reservoir. Also, the availability of additional pore space in the water zone below OWC may 
Table 1. Predictive simulation results (future EOR and storage capacity potential) 
Variable Continuing current EOR configuration 
Current EOR configuration with bottom 
water extraction well (completed 
[perforation at the bottom of the 
structure] in the water zone below OWC)  
  
Minimum BHP 
constraint of  
2068 kPa (300 psi) at 
production wells 
Minimum BHP 
constraint of kPa 
(2100 psi) at 
production wells 
Minimum BHP constraints of  
2068 kPa (300 psi) at production wells 
and 14,478 kPa (2100 psi) at water 
extraction well 
Incremental oil recovery (%) 16.2 12.6 22.1 
Injection/production 
  duration, years 
20 20 20 
Cumulative CO2 injected  
  (70% of total acid gas  
  injection), MMt 
14.58 9.15 11.52 
Cumulative CO2 
   produced, MMt 
14.37 8.85 10.30 
Net CO2 stored, MMt 0.21 0.30 1.22 
Oil produced, m3 (MMstb) 1.98e4 (0.70) 1.55e4 (0.55) 2.69e4 (0.95) 
Water produced, m3 
  (MMstb) 
8.69e4 (3.07) 3.31e4 (1.17) 2.223e5 (7.86) 
 
increase capacity. Although the primary purpose of a water extraction well was to manage reservoir 
pressure through water extraction for additional storage capacity gain, oil production at a significant rate 
(~19 m3/day [120 bbl/day]) was continued from this well until acid gas injection was stopped. The reason 
for this was the down structure movement of residual oil from both swept and unswept regions of the  
oil-producing zone.  
 
 
Fig. 2. (a) field oil recovery (continuing current EOR configuration); (b) cumulative amounts of injected and produced CO2 
(continuing current EOR configuration) 
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Fig. 3. (a) field oil recovery (current EOR configuration with bottom water extraction well); (b) cumulative amounts 
of injected and produced CO2 (current EOR configuration with bottom water extraction well) 
The long-term fate (50-year postinjection period) of injected acid gas was also evaluated. As can be 
seen in Figure 4 (a), average reservoir pressure stays constant at 20,440 kPa (2965 psi), which is 
significantly lower than the 90% of the formation fracture extension pressure of 25,200 kPa (3654 psi). 
Figure 4 (b) shows the cross-sectional view of gas saturation in the reservoir at the end of the 
postinjection period of 50 years. 
 
 
Fig. 4. (a) reservoir pressure behavior (current EOR configuration with bottom water extraction well);  
(b) cross-sectional view of gas saturation (current EOR configuration with bottom water extraction well) 
8. Summary 
The results of detailed static and geological modeling performed in this study suggest that water 
extraction from an underlying water zone (aquifer) can effectively be used for additional gain in both oil 
recovery and CO2 storage capacity in a closed system like the Zama F Pool. The availability of additional 
pore space in the water zone below OWC through controlled water extraction has resulted in a significant 
increase in F Pool storage capacity. A combination of top-down gas injection EOR coupled with bottom 
water extraction appears to provide a new way to increase overall recovery efficiency and storage 
capacity in such reservoirs. In view of the high salinity of formation water, produced water can be 
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injected into another formation if a suitable completion strategy, like DWS (downhole water sink), is used 
for completing water extraction wells. With over 700 pinnacle reef structures in the Zama subbasin, a 
careful selection of eight (EOR with water extraction) to sixteen (water extraction without oil production) 
pinnacle structures can provide a total storage capacity in excess of 10 MMt over the project span ranging 
from 4.5 years (results presented in Section 7.1) to 20 years (results presented in Section 7.2.2.).  
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